Despite the specificity of R genes for particular pathocally to a particular type III effector by activating imgen effectors, it has been difficult to detect molecular mune responses. We demonstrated previously that interaction between R proteins and the type III effectors two unrelated type III effectors from Pseudomonas that trigger their action. Additionally, it seems unlikely syringae target and modify the Arabidopsis RIN4 prothat the ‫571ف‬ NB-LRR proteins and protein fragments tein. Here, we show that AvrRpt2, a third, unrelated encoded in the Arabidopsis genome are a sufficient rectype III effector, also targets RIN4 and induces its postognition repertoire to mediate direct recognition of the transcriptional disappearance. This effect is indepenvirulence factors from all possible pathogens, from vident of the presence of RPS2, the Arabidopsis R proruses to fungi, nematodes and aphids, each of which is tein that senses AvrRpt2. RIN4 overexpression inhibits detected by NB-LRR proteins (The Arabidopsis Genome multiple phenotypes associated with AvrRpt2 funcInitiative, 2000).
We tested the effect of several type III effectors on RIN4 RPM1 is a peripheral plasma membrane protein (Boyes ( Figure 1A ). High levels of Pst DC3000 expressing et al., 1998), and AvrRpm1 and AvrB are both directed avrRpt2, avrRps4, or avrPphB were infiltrated into leaves to the host plasma membrane via myristoylation (Nimof resistant (Col-0) or susceptible Arabidopsis (rps2, chuk et al., 2000). Each effector interacts with, and in-RLD, or rps5, respectively; see Experimental Procedures duces phosphorylation of, the Arabidopsis RIN4 protein for allele designations of R mutants used). AvrRpt2 in-(Mackey et al., 2002). The activities of AvrRpm1 or AvrB duced disappearance of RIN4, such that by eight hours that lead to activated resistance or enhanced susceptiafter infiltration it was undetectable. AvrRps4 and bility may be one and the same. In rpm1 plants, this AvrPphB had no apparent affect on RIN4. The disapmay lead to increased susceptibility by modulating RIN4 pearance of RIN4 induced by AvrRpt2 occurred in both activity. RIN4 interacts with RPM1, and manipulation of RPS2 and rps2. The mutation in the rps2-101c allele RIN4 by AvrRpm1 or AvrB could also trigger the activa-(used throughout) introduces a stop codon at amino tion of defenses induced by RPM1. Alternatively, these acid 235 of RPS2 and is a presumed null. Therefore, the molecular phenotypes may be the consequence of the disappearance of RIN4 induced by AvrRpt2 is RPS2-true virulence activities of AvrRpm1 and AvrB. Nevertheindependent. less, our data fit well with the hypothesis that RPM1
We overexpressed RIN4 in both Col-0 and rps2 (Figure guards RIN4, a common target of both AvrRpm1 and 1B). We constructed multiple, independent, homozyAvrB.
gous lines containing a transgene with the strong viral The second important logical extension of the guard 35S promoter driving overexpression of RIN4 with an hypothesis is that a host protein complex that is a com-
amino-terminal T7 epitope tag (Mackey et al., 2002). mon target of pathogen virulence functions might be
Overexpression of RIN4 has no obvious affect on guarded by more than one R protein. Here, we present growth, morphology, or fertility of Arabidopsis. Overexsuch an example. RPS2 is an NB-LRR R protein in Arabipression of RIN4 significantly delayed the disappeardopsis that induces resistance responses against P. syrance of RIN4 induced by Pst DC3000(avrRpt2). In these ingae expressing the type III effector gene avrRpt2 (Bent plants, RIN4 was still detectable 24 hr after treatment et al., 1994; Mindrinos et al., 1994). AvrRpt2 can enhance ( Figure 1B) . The delayed disappearance of RIN4 was bacterial virulence in two distinct circumstances. First, similar in Col-0 and rps2, again indicating that this proAvrRpt2 can enhance the growth of P. syringae pv. tocess is unaffected by RPS2. We previously demonmato (Pst DC3000) by approximately one log on Nostrated that RIN4 was associated with a microsomal 0(rps2) plants, but not on other rps2 backgrounds (Chen membrane fraction (Mackey et al., 2002). Importantly, et al., 2000). AvrRpt2 can also enhance bacterial viruthe overexpressed RIN4 in these lines was also all locallence by interfering with RPM1 function (Ritter and ized in the microsomal fraction (data not shown), indicatDangl, 1996). The ability of AvrRpt2 to interfere with ing that the lack of disappearance of RIN4 in these lines RPM1 function does not require RPS2.
is not a consequence of its mislocalization. We tested whether other known P. syringae type III effectors also targeted RIN4 and discovered that Overexpression of RIN4 Inhibits RPS2 Function AvrRpt2 induces its disappearance. AvrPphB and In Col-0, infiltration of high levels of Pst DC3000(avrRpt2) AvrRps4, additional unrelated type III effectors, had no induced a strong HR that becomes macroscopically apeffect on RIN4. The disappearance of RIN4 induced by parent by 15 hr postinoculation (Figure 2A ). This HR is AvrRpt2 is RPS2-independent. Overexpression of RIN4 RPS2 dependent and was not observed in rps2. Col-0 inhibits three distinct activities of AvrRpt2: (1) its ability plants overexpressing RIN4 made no HR in response to to rid the cell of RIN4, (2) its ability to induce RPS2-Pst DC3000(avrRpt2). Representative leaves are picdependent responses, and (3) its ability to interfere with tured, and below each leaf is the number of leaves that RPM1 function. Elimination of RIN4 is lethal, and we exhibited macroscopic HR out of the total number of show that this lethality is RPS2-dependent. We used leaves infiltrated. On Col-0, Pst DC3000(avrRpm1) or conditional expression of AvrRpt2 inside the plant cell Pst DC3000(avrB) caused a strong HR that was macroto demonstrate that it is sufficient to induce the disapscopically apparent by 5 hr postinoculation. Overexpearance of RIN4. This disappearance is not regulated pression of RIN4 did not affect the RPM1-dependent at the level of RIN4 mRNA accumulation. We also show HR (data not shown). that, in the absence of AvrRpt2, RIN4 and RPS2 physiWe quantified the effect of RIN4 overexpression on cally associate in the plant. Thus, three unrelated type III effectors of P. syringae, AvrRpm1, AvrB, and AvrRpt2, RPS2-and RPM1-dependent HR responses using an (A) Col-0 (left column) or rps2, RLD, or, rps5 plants were infiltrated with 5 ϫ 10 7 cfu/ml of Pst DC3000 carrying empty vector, avrRpt2, avrRps4, or avrPphB. Samples were collected over time and total protein extracts were subjected to an anti-RIN4 Western blot. (B) Independent lines that contain a 35S-T7tag-RIN4 transgene in Col-0 and rps2 and express high levels of RIN4 were identified. These lines were analyzed as in (A) with DC3000 expressing avrRpt2.
electrolyte leakage assay ( Figure 2B ). Cell death associgrowth was unaffected. Similarly, when the bacteria expressed avrRpt2, growth in Col-0 was significantly reated with the HR causes release of electrolytes, which is measured as a change in the conductance of a bath duced relative to that in the rps2 plants. In Col-0 plants overexpressing RIN4, growth of Pst DC3000(avrRpt2) was solution (Orlandi et al., 1992). The AvrRpt2-induced HR caused an increase in conductance from Col-0 (relative still significantly reduced relative to that in rps2; however, growth was significantly increased relative to that in Col-0. to rps2) that was apparent by 8 hr. Despite the presence of RPS2, this increased conductance was not observed Thus, overexpression of RIN4 partially suppressed the ability of RPS2 to inhibit growth of Pst DC3000(avrRpt2 , 1994) . If We also measured the effect of overexpression of RIN4 on RPS2-and RPM1-dependent suppression of bactelethality of the rin4 null is due to ectopic RPS2 activation, then the rps2 mutation should suppress it. F1 progeny rial growth (Figure 3) . Pst DC3000 carrying the empty vector grew to high levels by four days after infection. from a RIN4/rin4 ϫ rps2-101/rps2-101C cross were germinated on kanamycin to select for F1s carrying the This growth was unaffected by the expression level of RIN4 or by the absence of RPM1 and RPS2 (in an rpm1/ lethal mutant rin4 allele. These plants were allowed to self-pollinate. Five of 88 F2 progeny were identified as rps2 double mutant). When the bacteria expressed avrRpm1, growth in Col-0 was significantly reduced relarin4 homozygotes by PCR (chi-squared is 1.076; 0.5 Ͼ p Ͼ 0.1) and all five were also rps2-101C homozygotes tive to that in rpm1 plants. In Col-0 plants overexpressing RIN4, the RPM1-dependent inhibition of bacterial (not shown; see Experimental Procedures). The rps2- Overexpression of RIN4 Inhibits AvrRpt2 Function AvrRpt2 can inhibit RPM1 function. When Arabidopsis Staskawicz). Total protein extracts of these plants were prepared, and immunoprecipitations were conducted encounters Pst DC3000 expressing both avrRpm1 and avrRpt2, the response of the plant to AvrRpm1 is absent with anti-RIN4 sera or control, preimmune sera from the We reproduced this result using three assays, and DC3000(avrRpm1 ϩ avrRpt2) occurred by 4 hpi, indicative of an RPM1-dependent HR. Thus, AvrRpt2 was unadditionally tested plants overexpressing RIN4. We first quantified using electrolyte leakage, a physiological able to interfere with RPM1 function in rps2 plants that overexpress RIN4. These conductance measurements response associated with the HR (Figure 5A ). Pst DC3000(avrRpm1) induced a rapid increase in conwere supported by qualitative observations of macroscopic HR using the same set of bacterial strain-host ductance in all plant genotypes except rpm1/rps2. Pst DC3000(avrRpt2) induced an increase in conducgenotype combinations (data not shown). AvrRpt2 can also inhibit RPM1-mediated disease retance in Col-0, but not in rps2. Pst DC3000(avrRpm1 ϩ avrRpt2) did not induce an increase in conductance sistance, as monitored by bacterial growth ( Figure 5B ). Pst DC3000(avrRpm1) grew to high levels on rpm1/rps2 plants, but did not grow on RPM1 plants. Two days after infection, Pst DC3000(avrRpt2) grew on rps2 and RPS2 plants. However, by day 4, bacterial numbers declined in RPS2 plants yet continued to increase in rps2 plants. Pst DC3000(avrRpm1 ϩ avrRpt2) grew to high levels on the rpm1/rps2 double mutant or rps2. Growth on rps2 occurred because AvrRpt2 interferes with RPM1 function (Ritter and Dangl, 1996). On Col-0, growth dropped off by 4 dpi, typical of RPS2-dependent resistance. Thus, in this case, AvrRpt2 inhibited RPM1 function, but growth was still repressed via RPS2 function. Importantly, DC3000(avrRpm1 ϩ avrRpt2) did not grow (even in the first two days) following infection of rps2(35S-RIN4), demonstrating that AvrRpt2 is unable to inhibit RPM1 function. Thus, as observed for the RPM1-dependent electrolyte leakage in Figure 5A , AvrRpt2 is unable AvrRpt2 expression is sufficient to inhibit the function tion). We presented a model suggesting that RIN4 is both a target for the virulence function of these two type of RPM1. Following DEX induction, rps2 plants expressing AvrRpt2-HA did not initiate an RPM1-dependent HR.
III effector proteins, AvrRpm1 and AvrB, and, at least formally, a negative regulator of basal defense. We proThis was observed both macroscopically ( Figure 6C ) and by electrolyte leakage ( Figure 6D) pathogen. In the plant, an R protein evolves that can relative to the timing of disappearance of RIN4 (by 3 to recognize either the action of this effector, or the effector 4 hr, data not shown). RPM1 function, measured as an itself, and consequently trigger resistance. In the patho-HR, is normally observed by 5 hr. This is subsequent to gen, another effector evolves that can inactivate this R RIN4 disappearance but prior to RPM1 disappearance.
protein. Thus, the repertoire of R proteins may guard In plants that overexpress RIN4, AvrRpt2-induced disrelatively few protein machines within plant cells, and appearance of RIN4 is incomplete by 24 hpi. Thus, RIN4 these machines are, in turn, repeatedly targeted by persists long enough that RPM1 can be activated by pathogen virulence factors. AvrRpm1 or AvrB. We suggest that the ability of AvrRpt2
Arabidopsis carries genes encoding ‫571ف‬ NB-LRR to interfere with RPM1 is a specific manifestation of its proteins; some of these are truncated and presumably more general virulence activity.
do not specify resistance. Thus, the repertoire of possiBoth RPS2 and RPM1 coimmunoprecipitate with RIN4 ble sentinels in the plant is limited. Given the large numfrom Arabidopsis extracts (Figure 4 ). We previously ber of possible effectors from just a single strain of demonstrated a direct physical interaction between one pathogen, the fully sequenced P. syringae DC3000 RIN4 and the amino terminus of RPM1 (amino acids genome ( 
